Abstract: Drought is a serious natural hazard with far-reaching impacts including soil damages, economic losses, and threatening the livelihood and health of local residents. The goal of the present work was to monitor the vegetation health across Lebanon in 2014 using remote sensing techniques. Landsat images datasets, with a spatial resolution of 30 m and from different platforms, were used to identify the VCI (Vegetation Condition Index) and TCI (Temperature Condition Index). The VCI was based on the Normalized Difference Vegetation Index (NDVI) datasets. The TCI used land surface temperature (LST) datasets. As a result, the VHI (Vegetation Health Index) was produced and classified into five categories: extreme, severe, moderate, mild, and no drought. The results show practically no extreme drought (~0.27 km 2 ) in the vegetated area in Lebanon during 2014. Moderate to severe drought mainly occurred in the north of Lebanon (i.e., the Amioun region and the plain of Akkar). The Tyr region and the Bekaa valley experienced a low level of drought (mild drought). This approach allows decision makers to monitor, investigate and resolve drought conditions more effectively.
named the Bekaa. Lebanon has a prevailing Mediterranean climate characterized by a hot, dry summer, and a cool, rainy winter. Semi-arid and arid areas exist in the North of the Bekaa valley. Lebanon's annual rainfall exceeds 800 million cubic meters, which helps maintain more than 2000 fountains during the dry season that lasts about seven months. However, with the annual decline in the proportion of successive rainfall and its distribution throughout the year, drought conditions have been exacerbated during the past two years (i.e., 2012-2013). As of 2014, Lebanon was facing a summer drought after a record dry winter coupled by a massive influx of Syrian refugees and long-standing water management problems. This drought lowered the groundwater level and decreased the flow of the springs. A direct consequence is the threat to the agricultural sector in this country. Long-term solutions begin with the monitoring of the drought areas, which is the aim of this study.
Data and Methods

Data Background
Landsat datasets were downloaded from the U.S. Geological Survey website (i.e., landsat.usgs.gov). Only the months of March, April and May were included. These months reflect the highest vegetation proliferation per year. The datasets were a combination of four different satellites: Landsat 4 and 5 (launched on 16 
Methodology
NDVI
In general, a Normalized Difference Vegetation Index (NDVI) is calculated using the reflectance of the red and the near infrared bands. While red is the third band for Landsat 4, 5 and 7, it is the fourth band for Landsat 8. The infrared is band number 4 for Landsat 4, 5 and 7, whereas it is band 5 for Landsat 8. As a result, the NDVI was calculated as follows:
where NDVI values range between −1 and 1.
LST
Thermal bands were used for the determination of the land surface temperature (LST). This is the sixth band for Landsat 4, 5 and 7 and bands 10-11 for Landsat 8. Satellite TIR sensors measure top of the atmosphere (TOA) radiances, from which brightness temperatures can be derived using Plank's law [30] . The formulas used at each step for the conversion of the digital number to land surface temperature are presented in Table 1 . Table 1 . Processing steps as well as formulas for the conversion of the DN to LST.
Processing Steps Formulas
Conversion of DN (Digital Number) to At-
• K1 = Band-specific thermal conversion constant (in watts/meter squared * ster * μm);
• K2 = Band-specific thermal conversion constant (in kelvin);
• Lλ is the Spectral Radiance at the sensor's aperture, • Tc = land surface temperature in Celsius.
The K1 and K2 constants for the Landsat sensors are provided in Table 2 . The values of the center wavelength (λ) for the different thermal bands are listed in Table 3 . In addition, it is important to note that we only used band 10 from Landsat 8 due to the larger calibration uncertainty associated with TIRS band 11. It is recommended that users rely on TIRS Band 10 data as a single spectral band and should not attempt a split-window correction for atmospheric correction [32] . 
VCI, TCI and VHI
The Vegetation Condition Index (VCI), the Temperature Condition Index (TCI), and the Vegetation Health Index (VHI) have been further developed using the following equations [33] :
where:
• NDVI, NDVImin, and NDVImax are the seasonal average of the smoothed weekly NDVI, its multiyear absolute minimum and its maximum, respectively; • Tc, Tmin, and Tmax are similar values for land surface temperature in Celsius. While the NDVI shows seasonal vegetation dynamics, the VCI rescales vegetation dynamics between 0 and 100 to reflect relative changes in the moisture condition from extremely bad to optimal [34, 35] . High VCI values correspond to healthy and unstressed vegetation. On the other hand, low TCI values correspond to vegetation stress due to high temperature and dryness [36] . The VCI, TCI and VHI have been classified in Table 4 . Water, snow or ice, urban areas and bare soil were excluded from the final map with the usage of a condition applied to the NDVI map for 27 May 2014, as follows:
where 0.2 is the threshold value for the vegetated area.
This last output was named "NDVI-threshold". A final step would be the combination of the VHI and the "NDVI-threshold" to generate a new VHI map where only vegetated areas are included. The methodology flowchart is presented in Figure 2 .
The same processes were applied between 1982 and 2002 to provide the drought condition (TCI, VCI and VHI) for 2002.
Results
VCI and TCI maps were produced (Figure 3) . In the first, the most affected areas are in the north and south of Lebanon, located generally at the coast. In addition, Bekaa valley, particularly in the middle region of the valley, also shows an extreme drought condition. However, no prevailing drought situation is observed across the country. On the other hand, the TCI map indicates a severe to extreme drought in the northern Lebanese regions. The southern part of Lebanon shows a dominant mild to no drought condition. As a result, the VHI index was generated for the time period between 1982 and 2014 ( Figure 4 ). Almost no extreme drought (~0.27 km 2 ) was detected in the vegetated area of Lebanon (Table 5) .
VCI TCI
Moderate to severe drought, representing nearly 4 percent of the total vegetated area, was mainly located in the north of Lebanon (i.e., the Amioun region and the plain of Akkar). This is also evident in the Tyr region (in South Lebanon), and in the middle of the Bekaa valley area, i.e., Joub Jannine, Anjar and Riyak. Mild drought, covering an area of 907 km 2 , was registered all across Lebanon. However, the Tyr region, the Bekaa valley, as well as the plain of Akkar constituted the largest mild drought areas. 
Discussion
The VCI, TCI and VHI were designed to characterize the moisture (VCI), thermal (TCI) and total vegetation health (VHI) conditions in response to weather impacts. The VHI was generated for Lebanon for 2014. It is a combination of the NDVI and LST. Most of the Lebanese regions showed mild to no drought conditions in the vegetated areas (~96 percent). In addition, extreme drought was unnoticed even at a high resolution of 30 m. This means that the vegetation cover in Lebanon has been almost stable for the last three decades.
However, moderate to severe drought occurred in four main locations: the Tyr region (in the South), the Amioun region (in the North), the plain of Akkar (in the North), and in the middle of the Bekaa valley. These areas can be classified into three categories according to the origin of the factor affecting the severity of the drought; the first, containing the Tyr region and the Bekaa valley, where the variation in the NDVI indicated this drought; the second, which includes the plain of Akkar, where the difference in temperature has affected the drought condition in this region; the third, including the Amioun region, where the vegetation condition (NDVI) as well as the land surface temperature increased the drought in this area.
In fact, the main cause of the drought in Tyr is the change in agriculture production in this region. Citrus in Tyr was generally exported to other Arabian countries, especially to the Gulf region, through Syria. After the outbreak of the Syrian civil war, which began in the early spring of 2011, cultivation gradually changed from citrus (e.g., oranges, lemons, citrus) to banana plantations. First, Lebanese citrus faces many competitors such as Egypt and Turkey due to the transit problem through Syria. Second, banana cultivation has a better market locally and regionally. Third, even though the profit from selling banana is not as much as that from citrus, land owners prefer to sell, and that is what counts for them. However, banana trees need up to two years to reach adulthood. As a result, the NDVI values were decreased in the Tyr region. As for the Bekaa valley, the variation in the NDVI was mainly affected by the increasing amount of bare land in the region. Cities, where much more opportunities are available, are attracting new generations, mostly teenagers. Agricultural land has been left uncultivated. Because bare land has lower NDVI values, the NDVI for the Bekaa valley was lowered accordingly.
North Lebanon, mainly in the Amioun region as well as in the plain of Akkar, is the area most affected by temperature variations (Figure 3, right) . In fact, this region is located at a low altitude and a high latitude area. Global warming could be the main cause. Moreover, Syrians refugees are constructing shelters over the agriculture areas of the plain. As a consequence, the plain of Akkar has been classified as being under drought conditions according to the VHI map ( Figure 4) . As for the Amioun area, the increasing temperature has caused serious disease outbreaks: olive agriculture has been affected ( Figure 5 ). Peacock eye disease, for example, destroys the chlorophyll in trees, weakening them and reducing their ability to produce fruit. While Amioun is home to 2 million olive trees-22 percent of Lebanon's total crop-the decreasing chlorophyll quantities in these trees has resulted in a reduction in their NDVI values (Figure 3,  left) . As a result, the VHI map indicates a moderate to severe drought in the Amioun area. In 2002 (Figure 6 ), low TCI values seemed to affect the northern part of Lebanon, similar to 2014. However, droughts were less intense with a smaller extent and severity. This proves the effect of climate change in this Lebanese region. In 2002, the VCI showed a moderate to extreme drought in the Bekaa valley. As a result, the low interest in the agriculture fields as a source of income has been present since 2002. It is clearly evident that the drought in Akkar, Amioun and Tyr could not be identified from the 2002 VHI map. This shows that the effect of climate change, including the Syrian refugees' constructions, the disease outbreak (e.g., peacock eye disease), as well as the changes in agriculture production are all recently reported problems. In conclusion, the drought extent and severity in 2002 (i.e., 1.08 percent of the total area) was much less pronounced than in 2014 (i.e., 16.97 percent). It is an alarming situation that needs to be addressed to prevent further deterioration of the drought conditions over the Lebanese region. Finally, observing the actual drought condition in comparison to a large time scale-between 1982 and 2014-is one of the main important components of this research. At a spatial resolution of 30 m, drought was accurately identified, and this will help decision makers in their assessments and reductions of this phenomenon. The combination of the temperature and the vegetation-moisture conditions to produce a drought map has a greater advantage than focusing on one variable only. However, the use of diverse sensors (i.e., TM, ETM+, and OLI) equipped on different Landsat platforms (i.e., Landsat 4, 5, 7 and 8) could represent a limitation of the study. Ortho-rectification and validation by visual interpretation are necessary, particularly because it is a pixel-based method. Moreover, the sensors that detect the NDVI and LST have different ranges, which may result in some uncertainties in the study. The different spatial resolutions between these satellites is also a weakness. A straight-forward solution would be the resampling of the datasets. In addition, noises, clouds, unidentified areas, etc. alter the values of the pixel and its surroundings. While the elimination of these regions seems the most plausible solution, data loss is the main disadvantage. Added to these constraints, we were only able to collect an average of two images per year. Sufficient numbers of ground stations are also lacking in our region. Any attempt to calibrate our results with climatic data would be impossible. Regardless, the VHI is used as a drought detection tool based on the assumption that the NDVI and LST at a given pixel size will vary inversely over time, with variations in the VCI and TCI driven by local moisture conditions. As a result, an examination of their trends, particularly because of the dissimilar climatic zones in our study area and the long study period, would validate our results. However, Kanieli et al. (2010) [37] stated that only when energy (i.e. higher latitude and elevations) is the limiting factor-which is not the case here-for vegetation growth, a positive correlation exists between the LST and NDVI and makes their use unacceptable.
Conclusions
Many advanced remote sensing instruments (e.g., MODIS, TRMM, SPOT Vegetation, AMSR-E, AMSU, GRACE, etc.) have been launched to collect information to monitor different aspects of drought. The development of advanced processing and analysis techniques and improved computing capabilities have resulted in new approaches that can be used for drought monitoring.
In this paper, the Vegetation Condition Index (VCI), resulting from the Normalized Difference Vegetation Index (NDVI), and the Temperature Condition Index (TCI), derived from Land Surface Temperature (LST), were combined to produce a Vegetation Health Index (VHI) map for 2014. This map has a spatial resolution of 30 m and includes all Lebanese vegetated areas. The drought regions were highlighted and they cover the Amioun region, the plains of Bekaa and Akkar, as well as the Tyr area; almost no extreme drought was registered.
However, the accuracy of the results depends much more on the spatial resolution and quality of the input data than on the methodology itself. For future studies, higher temporal and spatial resolutions are recommended. Adding other drought-inducing factors are also suggested as a way to achieve a higher representation of the actual drought status. Our mapping method is rapid, straightforward and principally fed by remote sensing data. It provides a flexible tool, and is applicable for a wide variety of regions, especially in emerging countries where technical facilities and historical in-situ measurements are lacking. Policy makers in Lebanon are invited to investigate and assess drought regions more effectively through our outputs.
A major conclusion is that three different types of drought regions exist. In the North, drought is due to increased temperature in addition to the pressure caused by the Syrians refugees. In Amioun, it is the combination of the temperature and NDVI changes: a disease outbreak exacerbated the problem. The third reason is the NDVI reduction. This was caused by a shift to growing bananas, which require up to two years to reach adulthood and to be detected as vegetation from the satellite sensors (i.e., the Tyr region), and the increase in the extent of bare land (i.e., the Bekaa plain).
